Abstract-This paper proposes a methodology for optimal cable replacement based on utility financial benefits that are calculated by considering the entire network in the planning period. The overall problem is set within a sequential Monte Carlo simulation framework and uses novel reliability modeling of ageing distribution cable using the "IEC-Arrhenius-Weibull" model. Optimal cable replacement schemes are developed by considering the connection of new wind sources and network reconfiguration to reduce cable ageing and defer its replacement. The core concepts of the proposed methodology are two new mixed-integer non-linear optimization models. The first optimizes the connection of new wind sources by minimizing the connection and reinforcement costs, as well as minimizing the cost of the cable thermal-loss-of-lives in the planning period. In the operations stage, the network is optimally reconfigured to minimize the cost of losses, the thermal-loss-of-life of cable, and reliability. Both optimization models are applicable to radially operated medium voltage networks that are backfed from several normally open points. The final outputs are proposed cable ranking lists for replacement and reliability and cost metrics.
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NOMENCLATURE

Sets
Functions/Variables L(·), θ c Life measure and conductor temperature L T , L T (·)
Total and hourly thermal loss-of-life
Life in historic period p and planning period q θ c,p , θ c,q Conductor temperature in historic period p and planning period q COST INV Initial investment cost for DG connection COST TOT m i Binary decision variable indicating whether the first feeder section is supplied from a primary (node i is MV busbar of the substation)
P S i , Q S i
Active and reactive power supplied by primary substation at node i y i Equal to 1 for existing nodes and to y n k for new DG nodes ce ij Binary decision variable indicating whether the existing circuit in branch ij is used or not f ij , f n k i
Fictitious power flow in existing branch ij and new 'DG-branch' n k i COST (t) Hourly cost of loss-of-lives, losses and reliability cost LoL (·) Hourly cost of loss-of-lives LC i (·), cosϕ i Load curtailment and power factor at node i COST 1 , COST 2 Costs in planning period used for cable ranking CI, CML CIs and CMLs associated with a cable section.
I. INTRODUCTION
D
EVELOPMENT and operations planning of modern distribution networks needs to consider ever-increasing network stress, as well as regulatory regimes containing restrictions on capital funding and performance driven incentives. Increased network stress is manifested through higher asset loading caused by the growth of general load, connection of new low carbon technologies (LCTs) and requirements to apply 'smart' solutions, which often reduce capacity margins. On the other hand, new LCTs and 'smart' solutions provide added flexibility during network operation.
Replacement planning of distribution assets has traditionally been completed on an individual basis without considering system aspects [1] . The replacement fund is typically pre-specified, so that a ranking list of assets for replacement is established and a line is drawn when the available budget is reached. Traditional methods used for asset ranking are based on asset age, failure history and asset 'health indices' [1] , [2] . The U.K. regulator has recently recognized that replacement and reinforcement activities should be funded from a single budget [61] . The significance of considering system aspects in replacement planning and vice versa is also illustrated in Table I through the comparison of costs of copper losses and loss-of-lives for 1km of 11 (6.6)kV cable with the following data: loading 50%; energy price £0.1/kWh; replacement cost (excavate & lay) £100,000/km; nominal life 40yr; annual maintenance rate 2%/yr. The ratio of replacement to reinforcement costs is typically 4∼5:1 in the U.K.
Consideration of system aspects in replacement planning was first done for ageing transformers, which are arguably the most important components. Hence, the ageing and replacement of cables and transformers was reviewed and classified into four categories: a) Ageing processes in cable [3] - [10] and transformers [11] - [16] ; b) Power system analyses with ageing components [17] - [24] ; c) Replacement of individual/populations of cable [2] , [25] - [27] and transformers [28] - [31] ; and d) Cable and transformer replacement based on power system analyses [32] - [34] .
Accelerated cable ageing using elevated voltages and temperatures is studied in [3] , [4] , and [6] , comparative ageing with and without voltage transients in [5] , mechanisms of impulse strength degradation in [7] , impact of several operational factors on cable life expectancy in [9] and degradation of the conductor screen in [10] . This group of papers studies the physical characteristics of cable ageing when subjected to different stresses and environmental conditions. The results from test methods [4] , [5] can be used to develop statistical reliability models of ageing cable, whilst methods [8] , [9] make use of cable thermal models and can be used for ageing cable reliability models based on their physical properties. Both groups of reliability models can subsequently be incorporated into a probabilistic methodology for replacement planning. Transformer ageing approaches [11] - [16] can be classified into two groups: a) Analyses based on experimental results [11] , [13] , [16] ; and b) Analyses where impacts of different stress factors are incorporated into a transformer thermal ageing model [12] , [14] , [15] . Methods from the latter group estimate the transformer life by studying individual transformers and can theoretically be used to predict transformer replacement in future. The main disadvantage is that future uncertainties and interaction among assets are not considered.
On the system level, ageing component models were firstly applied in reliability studies [17] - [20] . They consider the impact of ageing components on system and nodal reliability indices without analyzing replacement aspects. Recently published papers [21] - [24] investigate the impact of electric vehicle charging strategies and home energy management systems on distribution transformer ageing. They propose methods for optimal vehicle charging and 'smart' load management so that distribution transformer ageing is minimized. However, control methods are always imposed on end users, 'network models' are simply load balances at the secondary sides of distribution transformers, and replacement is not considered.
Several methods for replacement of individual cables or cable totals without considering the distribution network have been proposed in [25] - [27] . The life-cycle costing approach in [25] models cable deterioration assuming a linearly varying cable hazard rate over time and investigates different decision options (e.g., test, repair, replace). However, it makes use of many heuristic rules and parameters, and does not consider future uncertainties or network operation. The approach in [26] determines the number of cable replacements required to achieve a specified failure level of the cable population. The model cannot be applied to individual cable sections because it determines the totals of cable replacement. The model and tool from [27] use health indices for transmission cable prioritization and complete a techno-economic study to find the best decisions. However, health indices are calculated from condition data based on online and offline diagnostics which are typically not available in distribution companies. The prioritization of transformers in [28] is based on risk scores calculated from transformer condition indicators and criticality. The robustness of this method can be challenged because it is based on heuristic rules and criticality is a very crude approximation of the network impact. Predictions of the transformer life expectancy based on exponential hazard rate over time [29] , a degree of polymerization degradation model [30] , and statistical data from a transformer population [31] are used to analyze different replacement strategies. However, there is either no forecast of future operating conditions [30] , or modelling is highly simplified [29] , [31] .
On the other hand, investigation of asset replacement based on whole-system studies is very limited [32] - [34] . A network reliability simulation methodology that makes use of the exponential hazard rate model was used in [32] to assess the economic benefits of proactive cable replacement. Its main disadvantage is the use of a continuity reliability method [52] that does not consider asset and operation constraints, nor network control actions. Buhari et al. [33] have proposed the 'IEC-Arrhenius-Weibull' reliability model for ageing cable to include cable properties and future operating conditions, and used it in a simplified network simulation software to prioritize cable replacement. Finally, prioritization of transformers for replacement based on non-sequential reliability analysis was proposed in [34] in which a single year with only load variation is studied. The lack of comprehensive methodologies that can investigate network reinforcement in conjunction with asset replacement under the future significantly different operating conditions is evident.
Integration of new LCTs and application of 'smart' solutions in distribution networks has been more widely investigated [35] - [42] . One of the most important aspects is the integration of distributed generation (DG) [3] - [5] , [11] . Typical objectives can be to maximize connected DG, to minimize losses, and to improve power flows to meet constraints [35] - [37] , [39] , [40] , [42] , [43] . The approaches make use of deterministic optimization models [35] , [37] , [40] , or probabilistic methods including different uncertainties [36] , [37] , [39] . On the other hand, topology configuration and reconfiguration is one of the most important control actions on distribution networks [38] , [40] , [42] - [49] . The objective of the former is to minimize losses and/or the cost of reliability during system normal operation [43] , [44] , [46] , [50] . Restoration of disconnected customers with possibly minimal deviation of operational constraints is the primary goal of network reconfiguration in system emergencies [38] , [42] , [45] , [47] - [49] . However, the authors are not aware of any research that investigates impact of DG integration and/or network reconfiguration on asset ageing and replacement. Besides, real replacement strategies have never been based on the detailed simulation of distribution network operation including available control actions. This paper investigates distribution cable replacement based on system studies and the use of DG and network reconfiguration to reduce cable ageing and postpone its replacement. A probabilistic approach based on sequential Monte Carlo simulation (SMCS) is developed to find cable ranking lists for their replacement. This was considered the best approach to model various types of uncertainty and chronological phenomena. The proposed methodology makes use of the recently developed 'IEC-Arrhenius-Weibull' model, used to sample up-times of ageing cable [33] . The focal points of the methodology are optimal connection of the pre-specified set of new wind units and optimal network reconfiguration whose common objective is to minimize the total cost including cable loss-of-lives. Both models are set within a mixed-integer nonlinear programming (MINLP) framework and solved with the aid of commercial routines [63] . Within simulations, several indicators are associated with each cable section to assess its financial impact on the utility: customer interruptions (CIs), customer minutes lost (CMLs), number of failures, changes in the loss-of-life of other cable sections and considered section loss-of-lives.
The main contributions of the paper are:
• A methodology that combines network reinforcement and cable replacement by studying various uncertainties and varying operational conditions in the planning period is developed.
• The proposed methodology is developed for replacement planning of ageing cable. It considers the entire distribution network and is realized within three stages. Compared to the probabilistic simulation methodology [32] , the proposed methodology contains many additional features, such as 'IEC-ArrheniusWeibull' model [33] , real-time thermal ratings of assets, wind modelling with a stochastic process, optimal wind integration and network control actions, and novel cable prioritization for replacement. Compared to the authors' previous work [33] , additional features include the development of a three-stage SMCS procedure as opposed to two-stage SMCS [33] , modelling of two cable thermal models [55] , [56] in the 'IEC-Arrhenius-Weibull' model, development of optimal wind integration and network reconfiguration models, and a novel cable ranking criterion.
• Reduction in cable ageing and replacement deferral are realized by optimal wind integration and optimal network reconfiguration. These two remedies have never before been applied in asset replacement methodologies.
• The proposed optimization model for wind integration contains two novel features. Firstly, a new term, cost of cable loss-of-lives in the planning period, is developed and added to the objective function. Secondly, network reinforcement and network reconfiguration are included in the model. This approach required the development of a new set of logical constraints, as well as generalization of radiality constraints originally proposed in [46] .
• Two network reconfiguration models are developed. The optimal reconfiguration model has the objective function extended with a new term: hourly cost of cable loss-oflives. When convergence of the optimization model is not achieved, a simplified reconfiguration model based on maximum capacity backfeeding paths [36] is used.
• Beside the cable ranking criterion proposed in [33] , a novel cable ranking criterion is proposed in this paper. Both criteria are based on the financial impact of individual cable sections on the distribution company in the next price regulation period. Such criteria have never before been used in asset prioritization; the 'closest approach' [32] investigates impact of replacement strategies on system SAIFI and SAIDI. The methodology is developed for MV distribution networks but is general, and can also be applied to transmission networks. Then, the following features would need to be considered: a) Ageing of transformers and overhead lines is the dominant concern; b) The most important control action is rescheduling of despatchable generation which should take precedence over on-network switching; and c) Large wind generators need to be owned by the transmission company.
II. GLOBAL FORMULATION OF THE METHODOLOGY
The proposed methodology consists of three main entities. The first entity is used to determine the ageing and non-ageing cable, since their reliability models are different. Optimal connection of the pre-specified wind units is completed in the second stage, whilst optimal management of the distribution network in the planning period is the scope of the third entity.
A simplified flowchart of the overall methodology is shown in Fig. 1 . The first block is a preparatory phase in which hourly simulation of the network historic period, denoted as SMCS I , is completed with the aim to find parameters of the Arrhenius ageing model [33] , [51] and classify cable as ageing and nonageing. Analysis of the planning period starts with the second block, in which pre-specified DG units are connected with minimal capital cost for DG connection and network reinforcement. This block is only used before the first simulation run of the planning period, SMCS II , because costs of cable loss-of-lives are not known at this stage. Results from the first two blocks are used to initialize the sequential simulation of the planning period SMCS II on an hourly basis.
The simulation of the planning period SMCS II consists of several stages that are described in the next section. The last stage of hourly analysis is network reconfiguration, with the objective to minimize hourly costs of variable losses, cable loss-of-lives and the cost of reliability. One of the simulation stage outputs, the loss-of-lives of all cable sections, is then used to find the improved connection of new DG units by minimizing the connection and reinforcement costs, as well as costs of cable loss-of-lives in the planning period (the feedback loop in Fig. 1 ). Convergence of the iterative process is obtained when there is no difference in DG connections between two consecutive simulation runs in SMCS II . Reliability and cost indicators, ranking lists for cable replacement, and investment and operation costs are calculated at the end of the procedure.
III. DEVELOPED MODELS
A brief description of the three main blocks from Fig. 1 are presented in this section. These are 'simulation of the historic period', 'integration of wind generation' and 'simulation of the planning period'.
A. Simulation of the Historic Period
Probabilistic simulation of the network operation within the historic period is done with the aid of SMCS I procedure [52] . The relevant chronological phenomena are load curtailments, wind generations, real-time thermal ratings (RTTRs) and cumulative thermal loss-of-lives. All network components and traditional generation units are at the 'useful life' stage, so that exponentially distributed up-and down-times are applied [52] . Relative hourly profiles are used to determine nodal loads in the studied time step [53] . Load varies in a window around this profile and random sampling is applied to get the nodal relative temporal values. ARMA process is used to sample wind generation as shown in [54] , whilst cable RTTRs are found from the IEC cable thermal models [55] , [56] .
Thermal stress is one of major factors that affects ageing of cable insulation [51] . Cable insulation life L(·) is a function of the conductor temperature and can be defined by the Arrhenius life-stress model [51] :
Parameters A and B are empirical constants that are identified using the estimation method based on an iterative procedure and end-of-life statistical data [33] . If parameters A and B are calculated so that unity life corresponds to nominal conductor temperature (i.e., L(363
, Arrhenius model (1) can be used to calculate the thermal loss-of-life at variable conductor temperatures using the following relation [33] , [51] :
where the first sum L T denotes loss-of-life in the historic period (M intervals) and second sum L T in the planning period (N intervals). If loss-of-life L T is divided by the nominal life (say 40 years times 8760 hours), the relative loss-of-life is obtained. In the initialization stage, summation over historic intervals (first term in (2)) is calculated and used to classify cable as ageing and non-ageing. An empirical threshold of >0.875 has been used to define ageing cable (i.e., 35 years out of 40 years). This classification will be used in the simulation of the planning period -SMCS II .
B. Integration of Wind Generation
New DG units are connected before network operation is simulated, as shown in Fig. 1 . Different approaches are applied for the first and subsequent 'main' SMCS II runs, because cable thermal loss-of-lives are calculated in the next stage - Fig. 1 . Both DG integration models are given below.
1) Objective Functions:
The initial objective (i.e., before the first simulation run SMCS II - Fig. 1 ) is minimization of connection costs of new DG units and potential reinforcement costs of the medium-voltage (MV) network. It was assumed that DG units are owned by the utility, each plant can therefore be built at several locations and each DG location can be connected to the existing network via several new branches. The number of DG units is pre-defined as it was assumed that the utility will make use of their own units only. The investment cost is:
The first term in (3) describes costs of new 'DG-branches' required to connect several DG units to the network. The first summation goes over all DG units k ε DG , the second covers all feasible locations n k ε DG−nod,k for DG unit k, whilst the third sum is over all potential 'DG-branches' n k i ε new−br,nk connecting feasible DG location n k and existing node i for each such location n k and each DG unit k. The second term in (3) gives investment costs of reinforcing existing branches ij. The third term is the cost of committed DG units, which is constant since no new units are procured. In the case where third parties own the DG units, a DG location n k is known, there is no decision variable y nk and the second summation can be omitted.
Following the first simulation run SMCS II , we have used wind-DG units to extend lives of cable sections and defer replacement (Fig. 1) . Total cable thermal loss-of-life is defined by (2) in which the second term, L T , is calculated within the SMCS II procedure. We have used normalized L T ∈ {0 − 1} as a weight that multiplies replacement cost of cable sections, so that the total cost is:
The first equality indicates that cable sections with the highest cost of loss-of-lives will be opened in the optimum solution.
However, a cost model often used in marginal network pricing has been applied [57] , to minimize the loading of 'expensive' cable sections -second equality in (4). Here, replacement cost is equal to the unit cost in £/MVA multiplied by peak power flow [58] , where peak power flow is usually winter peak regime (demand dominated networks) and rarely summer minimum regime (generation dominated networks).
2) Constraints: Constraints of the wind integration model are given below: ⎡
ij∈ br (14) ij∈ br
Active and reactive power balances at existing and new nodes are specified by equations (5a) and (5b), respectively. The first term, expressed via binary variable m i , models supplies from (a) primary substation(s) (m i = 1 if they are used, m i = 0 otherwise). The first summation specifies power flows in existing branches where the branch status (open/close) is accounted for, whilst the second summation is for 'DG-branches' in which both the branch existence (constructed or not) and status are taken into account. All power balances are multiplied by 'locational' decision variable y i = y n k in the case of all new nodes candidates for DG connection, whilst y i = 1 for all existing nodes; the latter is used to simplify presentation. Active P ij (·) and reactive power flows Q ij (·) in branches ij are functions of terminal voltages and angles [46] , which are model unknowns.
'Standard' thermal and voltage constraints are specified by inequalities (6), (7) and (8) . Current flow I ij (·) in all closed existing branches ij (i.e., oc ij = 1) needs to be less or equal to the existing nominal rating if ce ij = 1, or the rating of the branch reinforcement if cr rein ij = 1, as shown by (6); I ij (·) is a function of terminal voltages and angles [46] . A 'similar' constraint needs to be set for all 'DG-branches' candidates for connection of new DG units to the network; note the existence of binary construction variable cr new n k i on both sides of relations (7), because no additional constraint was set on the link between cr new n k i and oc n k i (i.e., where cr new n k i = 0 => oc n k i = 0). Locational decision variable y i = y n k is used for voltage constraints at all new nodes (8) , whilst y i = 1 in the case of all existing nodes. Capacity constraints of DG units are defined by relations (9), and they are binding only in cases when the sampled wind speed is above the DG maximum wind speed.
A set of logical constraints on binary construction and location variables is specified via relations (10) to (13) . Condition (10) defines that each DG unit can be located at only one site n k , whilst expression (12) ensures that there are no new circuits constructed in branches towards non-used DG sites (i.e., where y n k = 0). Constraints (11) specify the number of new circuits connecting each new DG plant k to the existing network. Equation (11) implies 'non-firm' connection (i.e., DG is teed-off), whilst 'firm' connection (i.e., DG is looped in) is modelled by setting the right-hand side to 2. Finally, equation (13) specifies that either the existing circuit (ce ij = 1) or the new one (cr rein ij = 1) is used in existing branch ij. Integration of DG units into a radially operated network creates a possibility that the optimal solution contains isolated islands in which all loads are supplied by DG units. This problem was overcome in [46] by introducing the concept of fictitious power flows. Fictitious loads are connected at nodes with DG units and they create fictitious power flows that prohibit network islanding. The original approach [46] was modified to include new DG nodes candidates for DG connection, as defined by relations (14) to (17) . Fictitious power balances at each new node n k and existing nodes are defined by equalities (14) and (15), respectively. All fictitious power flows in new 'DG-branches' and existing branches are limited, as shown in (16) and (17), respectively. These flows are forced to zero for open or non-constructed branches. The last constraint (18) defines radial operation of the network for the general case when several substations supply the network.
C. Simulation of the Planning Period
The section contains three entities: a) Simulation procedure; b) Optimal network reconfiguration and c) Cable ranking lists.
1) Simulation Procedure:
A simplified flowchart of the 'main' SMCS II simulation procedure is shown in Fig. 2 . Simulation is done over the next regulatory period whose length is between 5 and 8 years; it covers 5(8)*8760 hourly intervals and is repeated until the coefficient of variation of the expected energy not served (EENS) is less than the prescribed tolerance (5%).
Following the data input and SMCS II initialization, loadflow analysis of the current hour is done. To this end, loads are sampled from a window around the profile and wind generations are determined from the ARMA processes [54] . Where appropriate, statuses of network components are set/changed using the results from the previous samplings and/or possible resupply from the back-feeding feeders. The up-and down-times of non-ageing components are sampled from the exponential model [52] , whilst 'IEC-Arrhenius-Weibull' model [33] is used to sample up-times of ageing cable that have just been repaired. This model describes the wear-out stage with the aid of Weibull probability distribution in which scale parameter is replaced with L(θ c ) from the Arrhenius model (1), and conductor temperature θ c (I(t)) is found from one of two IEC cable thermal models [55] , [56] . In this way, cumulative failure function F(θ c (I(t) ) is used to sample up-times of ageing cable [33] .
Network reconfiguration (denoted as 'restoration scheme' in Fig. 2 ) is done next. Its simplest version, based on maximum capacity backfeeding paths [36] , is only used when the proposed optimization model does not converge and for the comparison between the proposed methodology and the 'standard' network operation during emergencies. The proposed optimal network reconfiguration, whose objective is minimization of hourly cost of losses, cable loss-of-lives and curtailed demand, is run in each hour of the simulation period. Reliability indices SAIFI (CIs), SAIDI (CMLs) and EENS (if any), as well as thermal loss-of-lives are updated. Reliability indices are allocated to the cable section which has caused supply disruption. Increments in loss-of-lives of other cable sections are found and allocated to the faulty cable section; they are calculated from the post-fault and pre-fault currents.
Following the SMCS II convergence, final reliability indices, cost indicators and cable ranking lists are determined.
2) Optimal Network Reconfiguration: The objective of the optimal network reconfiguration is to supply as many customers as possible at the minimum cost; the latter is hourly cost of cable loss-of-lives, variable losses and non-delivered energy:
where the hourly cost of cable loss-of-life section ij is:
rat ij (20) with the assumed cable design life T life = 40 yr. The hourly loss-of-life L T (·) is calculated from Arrhenius model (1) in which conductor temperature θ c (I(t)) is replaced from one of the two IEC thermal models [55] , [56] . A linear approximation around the nominal temperature-current can be used to speed-up computation, as shown by second equality in (20) . Model constraints are simpler than for the wind integration, because there are neither locational nor investment binary variables. The only decision variables are operational variables oc ij . Assuming that sets of existing nodes and branches now include the known DG locations and connecting 'DG-branches', and branch thermal limits are modified according to the solution of model (4) to (18) , the constraints are:
ij∈ br
Nodal active and reactive power balances (21) and (22) contain load curtailments, branch thermal limits are defined by (23) , nodal voltage limits by (24) , load curtailment limits by (25) and generation capacities by (26) . Relations (27) and (28) specify constraints on fictitious power flows needed when DG units are connected, whilst radiality constraint is set by (29) .
3) Cable Ranking Lists: Cable prioritization for replacement can be based on direct financial implications in the forthcoming regulatory period. The financial exposure consists of the revenue lost under the quality-of-supply (QoS) incentives on CIs and CMLs, as well as the costs of repairing faulty cables [33] : (30) where CI and CML are customer interruptions (SAIFI) and customer-minutes-lost (SAIDI) caused by the considered cable section in the regulatory period. We have used QoS incentive rates CI Inc = 17.85 £/cust and CML Inc = 5.84 £/min, as well as C fail = £10,000 in our studies [59] ; these values are company specific and the first two are set by the U.K. regulator. It is proposed in this paper to extend ranking criterion (30) with an 'indirect cost term' that represents impact of the considered cable section (i.e., its fault) on all other cables in terms of additional ageing caused by increased currents:
where summation goes over all hours t in the planning period and branches ij br other than the considered one. The incremental cost of cable loss-of-life can be calculated from the post-fault and pre-fault currents using model (20) . Finally, cable sections can also be ranked using the loss-of-life criterion (2). 
IV. TEST NETWORKS AND OTHER DATA
Three test networks and other data are described below.
A. IEEE 33-Node Test Network
A 33-node, 22 kV medium voltage radially operated network, consisting of 32 underground cable sections and 5 tie-lines, was used as the first test system [44] ; the network diagram is shown in Fig. 3 . The total peak demand in the base year was 3.715MW and 2.3MVar and these values were used to deduce corresponding peak demands for both the historic and planning periods. The reference hourly load profile within each year was obtained from the IEEE RTS-96 chronological load profile [53] . The cable sections are labelled as L1, L2, . . . , L37 and it was assumed that each section is 0.5km in length, which gives feeder main length of 8.5km. The assumption was based on the classification of U.K. urban MV circuits into categories l<4km, 4km<l<8km and l>8km which is being used for quality-of-supply incentives [62] . All loads are denoted as (kW, kVAr) quantities next to each node and tie-lines are marked with dashed lines.
B. IEEE 69-Node Test Network
The second test system is the 69-node 22kV radially operated network given in [44] . The peak demand was 3.8MW and 2.62MVar in the base year. The load profile was again adapted from [53] . It was assumed that each section is 0.5km in length, so that the longest feeder main was 13.5km in length.
C. IEEE 119-Node Test Network
The final test system is the 119-node distribution network given in [60] . The peak demand was 6.81MW and 5.11 MVar. The load profile was selected in the same way as above. If it is assumed that each section is 0.5km in length, the longest feeder main is around 10km in length.
D. Other Data
Cable data, required for the IEC thermal model [55] , Arrhenius and RTTR modelling, are presented in [33] . Failure and repair rates and restoration times were obtained from [53] . Assuming cable excavate and lay policy, reinforcement costs were set to £50,000/km for all cable sizes because of very small number of new standard sizes used in companies and very small impact on specific costs [61] , [62] . An uplift of ∼40% (i.e., £70,000/km) is used for 'DG branches' to include terminal costs at both ends. The total numbers of connected customers were 1600, 3400 and 5900 for the 33-bus, 69-bus and 119-bus systems, respectively.
V. SIMULATION RESULTS AND DISCUSSION
The objective of the study is to find optimal cable replacement programme for the next 5-year regulatory period. A MATLAB software package was developed using AIMMS solver for MINLP optimization [63] . Typical CPU times obtained on a 3.6GHz quad core, 64-bit system are shown in Table II , where SMCS denotes all Monte Carlo stages other than network reconfiguration. Initialization of the wind integration model (4)- (18) was done using a simplified optimization model based on network flows -first Kirchhoff's law, and no convergence problems were experienced. On the other hand, network reconfiguration model (19) - (29) is solved in each hour of the planning period until convergence of the SMCS II is reached. To provide a converged solution even when optimal network reconfiguration diverges, the program switches to simple network restoration based on maximum capacity backfeeding paths. We have experienced such situation only in few hours within the whole planning period on the 119-bus test system.
Simulation results are shown in Tables III to VII. Table III presents results of the optimal connection of wind-DG units for the three network management strategies. System wide reliability indices along with sensitivity studies on the degree of ageing are given in Table IV for two proposed strategies. Table V shows a comparison between the three types of 'operational' costs within the planning period: cost of cable loss-of-lives, cost of copper losses and curtailed energy costs. Ranking of cable sections using the thermal loss-of-live criterion is shown in Table VI, whilst Table VII provides cable ranking based on the direct financial exposure (30) and 'total exposure' (31). Table III shows that two wind-DG units were connected in the 33-node (marked as A-33 -0.6MVA and B-33 -0.8MVA) and 69-node test networks (marked as A-69 -0.4MVA and B-69 -1MVA), whilst three DG units, denoted as A-119 -1MVA, B-119 -0.5MVA and C-119 -1MVA, were studied in the case of the 119-node test system. Sizes of DG units were selected so that the total DG nominal rating is 25%-30% of the peak load in each system. Potential locations for DG connection (i.e., existing node numbers) are presented in the second column; the choice was based on the proximity to the envisaged DG locations. Three strategies were studied for each network: a) Conventional DG connection (objective function (3)) with 'simple' network reconfiguration (NR) in case of faults; b) Proposed approach for DG connection (objective function (4)) with 'simple' NR in case of faults; and c) Proposed approach for DG connection (objective function (4)) with the proposed optimal network reconfiguration in all hours of the simulation period.
It can be seen from Table III that the optimal point of connection of DG units can be dependent on the applied optimization objective. This was obtained for all studied networks, but in general, it is dependent on the input data, particularly lengths of 'DG branches'. The conventional minimum cost approach (model (3), (5)- (18)) usually connects new DG centers via shortest branches, particularly when voltage and thermal constraints are not an issue during summer minimum periods. Hence, the DG connection costs can be lower in such cases. On the other hand, when the cost of cable ageing is considered, the optimal DG connection plan can include longer (new) cable sections that will relieve loading of some existing ageing cable sections. The required network reinforcements are also different for the three strategies in all test networks studied. The minimal amount of reinforcement was in all cases obtained when a combination of the new connection approach with the proposed optimal NR was applied. A similar conclusion can be drawn for the total investment costs. Table IV presents a comparative analysis of the system reliability indices for the two proposed approaches. All results are also given in per unit values, where the reference case in both cases is non-ageing SMCS with Weibull shape parameter β = 1 for conventional approach (not repeated in Table IV ). The results show that the new approach with the proposed optimal NR (second part of Table IV) provides the highest reliability and consequently asset preservation and reduced ageing. Absolute reliability indices are worse -higher for the larger networks, whilst per unit values do not exhibit such a trend. Table IV also shows sensitivity of SAIDI and SAIFI indices for several Weibull shape parameter β values which reflect intensity of cable ageing. The indices increase quite rapidly (particularly SAIDI) when β increases. Practical choice of β should be based on comparison with real-life data on historic performance within a company. Table V shows the total 'operation' costs (19) in the planning period for the 'base case' with no DG connected and the two developed strategies; they are calculated using the cost figures from Table I and cost ENS = 15£/kWh [64] . 69-node test network has much fewer ageing cable sections and the proportion of loss-of-life costs is smaller. Other than that, the overall pattern of results is 'similar' for the three test networks. It is interesting to compare the total operational cost when DG units are not connected and the new approach whereby simple network reconfiguration in emergencies is used. The integration of the DG units contributes towards reduction of the operational costs, as shown in the first section of Table V . Appreciable savings in 'operation' costs are obtained by applying the proposed optimal NR in each hour as opposed to the simplified network restoration approach in emergencies. It is evident that the optimal network reconfiguration in all hours reduces total operation costs including cost of losses and cable loss-of-lives as well. The latter benefit indicates the possibility to defer asset replacement by applying the optimal NR.
Ranking of cable sections shown in Table VI is based on the historic cable thermal loss-of-lives. Additional lossof-lives in the planning period are also presented for the three network management strategies. The conventional DG connection combined with 'simple' network restoration gives additional loss-of-lives in descending order which is in line with the historic ranking. The proposed two strategies give reduced additional loss-of-lives for all tested networks when compared to the conventional case. It can also be noticed that there is a perturbation in the cable ranking order relative to the historic and 'conventional' ranking. However, the same cable sections were in the top part of the list.
Table VI also shows that the total loss-of-life ('historic' plus 'conventional' column) of cable sections 5, 1 and 2 in the 33-bus network is greater than unity, which means they need to be replaced in the planning period. However, if either the second or the third strategy is applied, their replacement is deferred for the next regulatory period. It can also be noticed that lower loss-of-lives are obtained when the new approach with optimal NR is used in each hour of the simulation period. The third strategy delivers the best results in terms of system reliability performance (Table IV) , total operational costs (Table V) and cable loss-of-lives (Table VI) . Table VII presents results of cable ranking based on the new approach with optimal NR. Two case studies are investigated: the first makes use of the cost criterion (30) , while the second is based on the total cost that includes the cost of cable loss-of-lives (31) . Differences in costs for these two ranking schemes are not that big, because the last term in (31) represents the cost of additional ageing with respect to the pre-fault condition. We have obtained similar ranking orders of cable sections using criteria (30) and (31); however, there were differences in all test networks whenever the ranking cost figures were relatively close.
Comparison of cable ranking orders based on traditional thermal loss-of-lives (Table VI) and proposed ranking criteria (30) and (31) (Table VII) shows that there are differences in case of all three studied networks. The same cable sections are usually on the top of the list, but their order is different. This is particularly important for companies that do not have a fixed replacement budget, or very small replacement funding. Assume it is wanted to replace the first three sections in the 33-bus network (i.e., sections 3, 5 and 2) using criterion (30) ; this would give avoided direct cost of £82,530.74 (figures from Table VII, column 'Cost 1 '). On the other hand, if the first three sections in the 33-bus network are selected based on thermal loss-of-lives (sections 5, 1 and 2 in Table VI), the total avoided direct cost would have been £51,440.9. This means that the company would incur added cost of £31,089.84 in the latter case. This example shows advantage of the proposed cable ranking criteria from a utility perspective.
Additional sensitivity studies were done to find the impact of planning period length on the cable replacement ranking schemes. The planning period was varied between 5 and 8 years, which is a typical length of the price regulation period in the U.K. It was assumed that there were neither new DG units, nor new network reinforcements in the added years. Variation of a single parameter, annual load growth, was studied. When the annual load increase was small (say, 1%), the same cable ranking lists were obtained for all planning period lengths. However in case of significant annual load increases (say, >5%), the ranking orders can be different because of changed proportions of cable loss-of-life and reliability costs. The actual length of the planning period should therefore be set to the duration of price control period, or determined by company management.
The results presented in Tables III-VII show the high impact of new DG connection points, network operation strategies and budget constraints on investment decisions. Furthermore, the findings of these studies suggest that the effective connection of wind-DG units and prioritization of distribution cables for replacement is best done when system impacts are considered in conjunction with asset stress conditions (i.e., asset ageing). These conclusions indicate that the existing real-life practice of cable replacement based on individual assets only, will need to be replaced with planning techniques that consider the overall system.
VI. CONCLUSION
This paper investigates a new concept of DG integration and distribution network management whose goal is to reduce distribution cable ageing and postpone its replacement. The proposed methodology includes physical characteristics and ageing of network components, envisaged uncertainties, and different network management strategies. Two new optimization models are developed, one for optimal DG connection and the other for optimal network reconfiguration, which are incorporated within the probabilistic methodology for the analysis of the regulatory planning period. Ranking of cable sections for replacement is completed using three schemes.
The results show that simultaneous consideration of individual asset characteristics and network aspects will give the best financial results in terms of extended assets lives, increased network reliability and reduced operation costs. To this end, closer co-operation between replacement and planning teams in utilities is expected. Future studies in this area will focus on integration of other low carbon technologies (e.g., solar generation, storage, demand side management, etc.) to extend asset lives and improve network reliability. The final goal is to develop a methodology that will provide a single prioritization list of assets for both replacement and reinforcement purposes.
